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ABSTRACT
High-throughput technologies have led to the rapid
generation of large-scale datasets about genes and
gene products. These technologies have also shifted
our research focus from ‘single genes’ to ‘gene sets’.
We have developed a web-based integrated data
mining system, WebGestalt (http://genereg.ornl.gov/
webgestalt/),tohelpbiologistsinexploringlargesets
of genes. WebGestalt is composed of four modules:
gene set management, information retrieval, organ-
ization/visualization, and statistics.The management
module uploads, saves, retrieves and deletes gene
sets, as well as performs Boolean operations to
generate the unions, intersections or differences
betweendifferentgenesets.Theinformationretrieval
module currently retrieves information for up to 20
attributes for all genes in a gene set. The organiza-
tion/visualization module organizes and visualizes
gene sets in various biological contexts, including
Gene Ontology, tissue expression pattern, chromo-
some distribution, metabolic and signaling pathways,
proteindomaininformationandpublications.Thestat-
istics module recommends and performs statistical
tests to suggest biological areas that are important
to a gene set and warrant further investigation. In
order to demonstrate the use of WebGestalt, we have
generated48genesetswithgenesover-representedin
various human tissue types. Exploration of all the 48
genesetsusingWebGestaltisavailableforthepublicat
http://genereg.ornl.gov/webgestalt/wg_enrich.php.
INTRODUCTION
The development of high-throughput methodologies, as
epitomized by microarray technologies, has led to the rapid
generation of large-scale datasets about RNA transcripts or
proteins. While in the past biologists studied single genes
at a time, now we can use high-throughput technologies to
analyze tens of thousands of genes simultaneously. The nature
of high throughput technologies requires that bioinformatics
tools focus on ‘gene sets’ instead of ‘single genes’. For
example, microarrayand proteometechnologiesare producing
sets of genes and proteins that are differentially expressed
under certain conditions, or sets of genes and proteins that
are co-expressed under varying conditions. Other studies such
as quantitative trait analysis, large-scale mutagenesis studies,
and other large-scale genetic studies are also producing sets of
interesting genes. Translating the identiﬁed gene sets into a
better understanding of the underlying biological processes
constitutes a huge challenge for today’s biologists. Even
retrieving the associated functional information for large gene
sets can be time-consuming. Further manipulating, visualiz-
ing, and statistically analyzing the interrelated data can
involve complex processes for an average biologist. Without
the assistance of appropriate bioinformatics tools, exploring
the gene sets to discover important patterns is not a trivial task
for biologists.
Traditional resources that are available for retrieving func-
tionalinformation,suchasthe LocusLink fromNCBI (National
Center for Biotechnology Information, http://www.ncbi.nlm.
nih.gov/LocusLink/), are typically displayed in a one-gene-
at-a-time format (1). A newer generation of resources has
been created to facilitate batch information retrieval for sets
of genes (2–4). One such example is ENSMART (http://www.
ensembl.org/Multi/martview), in which the users can perform a
genome information search and retrieval for sets of genes in
human and several other eukaryotic species (3). ENSMART
covers a broad spectrum of functional information pertaining to
gene- and protein-speciﬁc attributes as well as disease, expres-
sion, sequence variation and cross-species attributes. Despite
being an excellent batch information retrieval tool, ENSMART
does not help biologists in efﬁciently exploring the abundant
information associated with a gene set.
One way to help biologists in exploring large gene sets is
to organize the genes based on common functional features,
such as Gene Ontology (GO) (5) categories or biochemical
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doi:10.1093/nar/gki475pathways. Several bioinformatics tools have been developed
for organizing sets of genes based on GO (6–10).Most of these
tools have also implemented statistical tests to identify
enriched GO categories and to suggest the most important
biological areas associated with a given gene set. Although
the use of ontological methods to structure biological know-
ledge is an active area of research and development, the body
of biological knowledge associated with any gene set extends
far beyond GO. In addition to organizing gene sets within the
context of GO, MAPPFinder (11), DAVID (12) and GFINDer
(13) provide the option of organizing and visualizing gene sets
within the context of KEGG (Kyoto Encyclopedia of Genes
and Genomes, http://www.genome.ad.jp/kegg) biochemical
pathways (14). DAVID and GFINDer can also organize
gene sets based on proteindomain information. Other features,
such as chromosome location, tissue expression pattern and
association in publication, could also be used to organize a
gene set. However, these features are not implemented in the
current gene set analysis tools.
Although methods of gene organization help biologists
explore large gene sets, they frequently generate complex
results with hundreds of categories. Information visualization
enables people to deal with the overwhelming amount of
information associated with a gene set by taking advantage
of our innate visual perception capabilities. Visual methods
are useful in displaying data in ways that capitalize upon the
particular strengths of human pattern processing abilities (15).
Information visualization techniques have been successfully
used in many areas of bioinformatics, including molecular
structures, expression proﬁle, genome and sequence anno-
tation, sequence analysis, molecular pathway, ontology, tax-
onomy and phylogeny (16). Application of information
visualization techniques in gene set analysis will not only
help the visualization of large amount of information, but
also facilitate data mining by aiding recognition of patterns
and trends.
Besides information retrieval, organization, statistical
analysis and visualization, management of large gene sets
presents additional challenges for biologists. Bioinformatics
tools are needed to create subsets of genes from a gene set
based on different criteria, such as GO categories, biochemical
pathways or chromosome location ranges. Tools are also
needed to perform Boolean operations and generate the uni-
ons, intersections and differences between gene sets. Boolean
operations could help to reveal the interrelationship among
different gene sets.
In response to these challenges, we have developed
WebGestalt (WEB-based GEne SeT AnaLysis Toolkit), an
integrated data mining system for the management, infor-
mation retrieval, organization, visualization and statistical
analysis of large sets of genes.
METHODS
Database: GeneKeyDB
WebGestalt is based on an ORACLE relational database,
GeneKeyDB. This database has used a strong gene and protein
centric viewpoint. Gene and gene product information is
primarily taken from NCBI LocusLink, Ensembl, Swiss-
Prot, HomoloGene, Unigene, CGAP, UCSC, GO Consortium,
KEGG, BioCarta and Affymetrix. As a consequence of the
transition from LocusLink to Entrez Gene from NCBI, we are
currently migrating from the LocusLink data to the Entrez
Gene data. Updating of GeneKeyDB is automated by pre-
prepared scripts. The Schema and dictionary of GeneKeyDB
are available from http://genereg.ornl.gov/gkdb. More details
of GeneKeyDB are available from (17).
WebGestalt modules
Figure 1 depicts the schematic overview of WebGestalt.
WebGestalt is composed of four modules: gene set manage-
ment, information retrieval, organization/visualization and stat-
istics. The gene set management module receives gene sets
submitted by the users. Received gene sets can be saved,
retrieved and deleted. Boolean operations are also provided
by this module to generate the unions, intersections or differ-
ences between gene sets. The information retrieval module
currently retrieves information for up to 20 attributes through
our local database GeneKeyDB for the received gene sets. The
organization/visualization module helps the users to explore
efﬁciently the retrieved information in various biological con-
texts, using eight sub-modules: GO Tree, KEGG Table and
Maps, BioCarta Table and Maps, Protein Domain Table, Tissue
Expression Bar Chart, Chromosome Distribution Chart,
PubMed Table and GRIF Table. Subsets of genes based on
the organization can be generated and saved as new gene sets.
The statistics module currently provides two statistical tests
(the hypergeometric test and the Fisher’s exact test) to identify
interesting patterns in the gene sets.
Gene set management module. The gene set management
module accepts gene sets submitted by ﬁles, by GO categories
or by chromosome location ranges. The input ﬁle should be a
plain text ﬁle, including the appropriate IDs (required) and
corresponding microarray ratios or other values (optional),
separated by tabs in the format of one ID per row. Gene
identiﬁers that can be recognized are Entrez Gene IDs,
Swiss-Prot IDs, Ensembl IDs, Unigene IDs, gene symbols
and Affymetrix probe set IDs. WebGestalt works currently
with human and mouse. More organisms will be added in the
future. A unique analysis name is given for each gene set by
the user and can be used to retrieve or delete the gene set in the
future. Sub-sets of genes can be generated from an existing
gene set through the organization/visualization module and
saved as new gene sets through the management module.
The management module also performs Boolean operations
to generate the union, intersection and difference between two
existing gene sets. Recursively applying these Boolean opera-
tionsmakesit possible tocombine informationfrom more than
two sets of genes. Orthologs can be retrieved for a gene set
using the management module. The orthologs are deﬁned
by HomoloGene from NCBI (http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?db=homologene). Inclusion of orthologous
information could assist in comparative genomics studies.
Information retrieval module. The information retrieval mod-
ule provides rapid access to the existing information for all
genes in a gene set. The attributes that can be retrieved include
nomenclature, identiﬁers to different databases, map and func-
tional information. Table 1 lists all of the 20 attributes, their
sources and associated websites. Retrieved information for all
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or opened directly in the web browser using Microsoft Excel.
Organization/visualization module. While the information
retrieval module provides quick and easy information retrieval
for large sets of genes and generates ﬁles that can be easily
parsed and further utilized by other computational tools, it
does not help biologists in exploring information associated
with the gene sets. The organization/visualization module in
WebGestalt is intended to assist biologists in exploring large
gene sets by organizing and visualizing the genes in various
biological contexts.
(i) GO Tree. The GO Tree is based on our published tool
GO Tree Machine, which was described in detail in (9).
The GO Tree organizes a gene set based on the GO DAG
(Directed Acyclic Graph), and has implemented several
visualizations, including an expandable tree, a bar chart
at selected annotation level and an enriched DAG. The
expandable tree is suitable for exploring interactively
the structure of GO. After exploring the expandable tree,
theusermaypickappropriateannotationlevelstogenerate
corresponding bar charts that are appropriate for publi-
cations and presentations. The enriched DAG is used for
visualizing GO categories with enriched gene numbers as
identified by the statistics module.
(ii) KEGG and BioCarta Tables and Maps. One of the most
important tasks in the high-throughput experiments is to
identify the pathways that are involved in the biological
studies.SimilarlytoDAVID,MAPPFinderandGFINDer,
WebGestalt can organize genes based on the KEGG bio-
chemical pathways in a KEGG Table. The KEGG Table
shows KEGG pathways associated with the gene set, the
number of genes in each pathway and the Entrez Gene
IDsforthegenes.TheKEGGtablealsoprovidesP-values,
indicating the significance of enrichment for each KEGG
pathway.EachpathwaynameintheKEGGTableishyper-
linked to the KEGG Map, in which genes in the gene set
arehighlightedinred.WebGestaltcanalsoorganizegenes
based on another popular pathway database, BioCarta
Figure 1. Schematic overview of WebGestalt. WebGestalt is composed of four main modules: gene set management, information retrieval, organization/
visualization and statistics. The gene set management module uploads, saves, retrieves and deletes gene sets, as well as performs Boolean operations to generate
theunions,intersectionsanddifferencesbetweengenesets.Theuploadingtoolacceptsdatasetsdefinedbyexperimentdata,GOcategoriesorchromosomelocation
ranges.WebGestaltisflexibleintheinputidentifier(EntrezGeneID,Swiss-ProtID,EnsemblID,UnigeneID,genesymbolandAffymetrixProbeSetID).Thesaving
tool saves sub-sets of genes generated by the organization/visualization module. The information retrieval module currently retrieves information for up to
20 attributes for all genes in a gene set, including nomenclatures, various gene identifiers, map and functional information. Retrieved information can be exported
to Microsoft Excel files. The organization/visualization module organizes and visualizes a gene set in figures or tables using eight sub-modules: GO Tree, Tissue
ExpressionBarChart,Chromosome DistributionChart,KEGGTableandMaps,BioCartaTable andMaps,ProteinDomainTable,PubMedTableandGRIFTable.
The statistics module provides two statistical tests, the hypergeometric test and Fisher’s exact test and suggests important biological areas in a gene set.
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BioCarta Table has the same structure as the KEGG
Table.EachpathwaynameintheBioCartaTableishyper-
linked to the BioCarta Map.
(iii) Protein Domain Table. The Protein Domain Table orga-
nizes the genes based on the PFAM protein domains. The
table shows the name of the PFAM domains associated
withthegeneset,thenumberofgeneshavingeachdomain
and the Entrez Gene IDs for the genes. The table also
provides P-values, indicating the significance of enrich-
mentforeachdomain.Eachdomainnameishyperlinkedto
the Conserved Domain Database of the NCBI, where the
informationofdomainfunctions,structureandsequenceis
available. Each Entrez Gene ID is hyperlinked to the
Conserved Domain Summary of the NCBI, where a gra-
phical view of domains on the protein is available.
(iv) Tissue Expression Bar Chart. The Tissue Expression Bar
Chart is designed to organize a gene set based on large-
scale,publiclyavailablegeneexpressiondataderivedfrom
awildvarietyoftissueandorgantypes.Thecurrentversion
of WebGestalt uses the gene expression data from the
CGAP-expressed sequence tag (EST) project (http://
cgap.nci.nih.gov/Tissues) (18). It has been well accepted
that the content of the EST pool for a given tissue type
reflects the composition of original mRNA samples used
forcreationofthecomplementaryDNAlibrary(19).Inthe
Tissue ExpressionBarChart,each tissue isrepresentedby
abar.Theheightofthebarsrepresentsthenumberofgenes
that are in the active gene set, and also expressed in the
tissuebasedontheCGAPdata.Forindividualgenes,Web-
Gestaltevaluatestheover/under-representationofthegene
in individual tissue types using the statistics module.
(v) Chromosome Distribution Chart. Chromosome distri-
bution of the genes in a gene set is visualized using
the Chromosome Distribution Chart. The chromosome
location information comes from the UCSC genome
annotation databases (ftp://hgdownload.cse.ucsc.edu/
goldenPath/currentGenomes/).Inthischart,eachchromo-
some is represented by a vertical bar. Each gene is repre-
sented by a ‘red cross’ symbol and located on the
chromosome based on its location. Clustered genes from
a gene set can be easily visualized in the chart.
(vi) PubMedTable and GRIF Table.WebGestalt canorganize
genes according to their co-occurrence in publications,
based on the gene-publication association information
retrieved frominthe LocusLinkdatabase.LocusLink pro-
vides two types of gene-publication indices. One is com-
putedfromthePubMed,theotherisGRIF(1).WebGestalt
organizes genes based on both indices and generates a
PubMed Table or a GRIF Table. The PubMed Table
shows PubMed IDs for the publications associated with
the gene set, the number of genes in each publication and
the Entrez Gene IDs for the genes. Each PubMed ID is
hyperlinked to the corresponding PubMed record, where
the abstract for the paper is available. The GRIF Table is
similar to the PubMed Table, except for one additional
column showing the GRIF comments.
Statisticsmodule.While methods ofgene organization provide
an efﬁcient way for biologists to explore large gene sets, these
approaches, such as the GO Tree, frequently generate very
complex results with hundreds of categories still requiring
summarization. Statistical analysis is needed to guide biolo-
gists in ﬁnding the statistically signiﬁcant categories that are
associated with a gene set. In order to identify functional
categories with signiﬁcantly enriched gene numbers in a gene
set we are interested in, we need to compare the gene set of
interest to a reference gene set for the proportion of genes in
Table 1. Gene attributes that can be retrieved by WebGestalt
Attribute Source Website
Nomenclature information
Gene symbol LocusLink http://www.ncbi.nlm.nih.gov/LocusLink/
Symbol alias LocusLink http://www.ncbi.nlm.nih.gov/LocusLink/
Gene name LocusLink http://www.ncbi.nlm.nih.gov/LocusLink/
Name alias LocusLink http://www.ncbi.nlm.nih.gov/LocusLink/
IDs reference into different databases
Entrez Gene ID EntrezGene http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene
Refseq_NM Refseq http://www.ncbi.nlm.nih.gov/RefSeq/
Refseq_NP Refseq http://www.ncbi.nlm.nih.gov/RefSeq/
Unigene ID Unigene http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene
Ensembl ID Ensembl http://www.ensembl.org
Swiss-Prot ID Swiss-Prot http://us.expasy.org/sprot/
Map information
Cytogenetic LocusLink http://www.ncbi.nlm.nih.gov/LocusLink/
Physical UCSC ftp://hgdownload.cse.ucsc.edu/goldenPath/currentGenomes/
Functional information
Domain name CDD http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=cdd
OMIM ID OMIM http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM
PubMed ID PubMed http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed
GRIF record LocusLink http://www.ncbi.nlm.nih.gov/LocusLink/
GO term GO http://www.geneontology.org
KEGG KEGG http://www.genome.ad.jp/kegg
BioCarta BioCarta http://www.biocarta.com/
Phenotype LocusLink http://www.ncbi.nlm.nih.gov/LocusLink/
Ensembl ID, Ensembl gene stable ID; Cytogenetic, Cytogenetic map location; Physical, Physical map location; KEGG, KEGG pathway name; BioCarta, BioCarta
pathway name.
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geneset(A)andmgenesinthereference geneset(B).Suppose
further that there are k genes in A and j genes in B that are
in a given category (C) (e.g. a GO category, a KEGG pathway,
a BioCarta pathway etc.). Based on the reference gene set,
the expected value of k would be ke = (n/m)* j.I fk exceeds the
above expected value, category C is said to be enriched, with
a ratio of enrichment (r) given by r = k/ke. If B represents the
population from which the genes in A are drawn, WebGestalt
uses the hypergeometric test to evaluate the signiﬁcance of
enrichment for category C in gene set A,
P ¼
X n
i¼k
m j
n i
  
j
i
  
m
n
   :
If A and B are two independent gene sets, WebGestalt uses
Fisher’s exact test instead,
P ¼
X n
i¼k
n
i
  
m
j þ k i
  
m þ n
j þ k
   :
The users can select different signiﬁcance levels for the
statistical analysis. The users can also specify the minimum
number of genes in a signiﬁcant category. For example,
categories with only one gene might be statistically enriched,
but they might not be in the user’s interest.
The hypergeometric test is also used for the evaluation of
the over/under-representation of individual genes in a selected
tissue type. Suppose that we have d EST sequences for a
selected gene in all tissues and b EST sequences for all
genes in all tissues. Suppose further that there are c EST
sequences for the selected gene in a selected tissue and a
EST sequences for all genes in the tissue. If c > (d/b)* a,
we consider that the gene is over-represented in the tissue,
and the P-value indicating the signiﬁcance of over-
representation is calculated by this formula:
P ¼
X d
i¼c
b a
d i
  
a
i
  
b
d
   :
If c < (d/b)*a, we consider that the gene is under-represented
in the tissue, and the P-value indicating the signiﬁcance of
under-representation is calculated using this formula:
P ¼
X c
i¼0
b a
d i
  
a
i
  
b
d
   :
User interface
All of the above tools in WebGestalt can be accessed through a
simple and intuitive user interface (Supplementary Figure S1).
The interface can be divided into ﬁve areas. Area A provides
gene set management tools for uploading, retrieving, deleting,
performing Boolean operations and retrieving orthologs. Area
B displays the name and description of the currently active
gene set. Area C provides the gene set information retrieval
tool, where the user can choose to retrieve information for up
to 20 attributes. Area D provides the gene set organization and
visualization tools that help users to explore large gene sets.
Area E displays a table for the genes in the currently active
gene set, including the ID used in the input ﬁle, the value
provided in the input ﬁle, Entrez Gene ID, gene symbol and
gene name. Each Entrez Gene ID is hyperlinked to a gene
information record with detailed information retrieved from
our local database GeneKeyDB. The values >0 are colored
red, while those <0 are colored blue. Mouse-over descriptions
are available for the buttons.
Implementation
WebGestalt is implemented in PHP. Gene set management,
information retrieval and organization are mainly accomp-
lished by querying the GeneKeyDB database. The expandable
GO Tree is generated using the PHP Layers Menu System
(http://phplayersmenu.sourceforge.net/). The bar chart for the
GO organization, the tissue expression bar chart and the chro-
mosome distribution chart are all generated by ChartDirector
(http://www.advsofteng.com/index.html). The DAG for
enriched GO categories is created using Graphviz (http://
www.research.att.com/sw/tools/graphviz/). Genes on the
KEGG map are highlighted using the KEGG Applications
Programming Interface (API) (http://www.genome.ad.jp/
kegg/soap/). WebGestalt is accessible through IE5.0 or higher,
Netscape 7.0 or higher, Safari and Firefox from multiple
platforms. WebGestalt can be accessed from the website
http://genereg.ornl.gov/webgestalt/. A detailed manual can
be downloaded from http://genereg.ornl.gov/webgestalt/
WebGestalt_Manual.pdf.
RESULTS
In order to demonstrate the use of WebGestalt, we have
generated 48 gene sets with genes over-represented in various
human tissue types. These gene sets were generated based on
the gene expression data from the publicly available human
EST database (CGAP, http://cgap.nci.nih.gov/), the same data
we used for creating the Tissue Expression Bar Chart. The
tissue type is deﬁned by CGAP. We did not separate different
histological types. As described in the methods, we performed
hypergeometric tests to identify tissue-enriched genes for each
tissue type based on the EST representation proﬁle. As we were
doing multiple tests simultaneously, we considered a gene was
over-representedinaselecttissueiftheP-valuewas<0.01after
the Bonferroni adjustment.Tosimplify,wewillcallthese genes
‘tissue-enriched genes’. No tissue-enriched gene was found in
adrenal medulla. It was probably due to the small number of
available ESTs in this tissue type. An average of 190 tissue-
enriched genes was identiﬁed for each of the other 48 tissue
types, ranging from 6 in synovium to 817 in brain. All these 48
gene sets were uploaded to WebGestalt for exploration. Some
sample results from the GO Tree analysis, KEGG pathway
mapping and chromosome distribution analysis will be presen-
ted in this paper. Complete exploration of all the 48 gene sets
usingallavailabletoolsinWebGestaltisavailableforthepublic
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Anexample will be given for the GO Tree analysis usingthe
set of 23 genes that are signiﬁcantly over-represented in
adrenal cortex. WebGestalt was able to found GO annotations
for 21 out of the 23 genes. Nineteen GO categories were found
to have enriched gene numbers using all genes in the human
genome as a reference. Ten categories were under ‘biological
process’, six were under ‘molecular function’ and three were
under ‘cellular component’. Figure 2 is an enriched DAG for
the 10 categories under ‘biological process’. An enriched DAG
shows GO categories with enriched gene numbers (in red) and
their non-enriched parents. Most of the enriched GO categories
identiﬁedforthisgenesetwerecloselyrelatedtothefunctionof
adrenal cortex. The most signiﬁcant category was ‘C21-steroid
hormone biosyntheses’, which gives a P-value of 4.22 · 10
 9.
Similarly, GO Tree analysis was able to identify the most
important functional areas for other tissue types. For example,
the most signiﬁcant category under ‘biological process’ for
adipose is ‘lipid metabolism’ (P = 3.40 · 10
 6), for cerebrum
is ‘transmission of nerve impulse’ (P = 3.33 · 10
 19), for ear
is ‘perception of sound’ (P = 1.70 · 10
 9), for heart is ‘muscle
contraction’ (P = 2.00 · 10
 22), for lymph node is ‘defense
response’(P = 1.40 · 10
 26), for retina is ‘sensory perception
of light’ (P = 3.57 · 10
 44) and for testis is ‘sexual reproduc-
tion’ (P = 1.35 · 10
 21).
For the same gene set, the KEGG Table in WebGestalt
reveals 18 KEGG pathways that involve genes over-
represented in adrenal cortex. The ‘C21-Steroid Hormone
Metabolism’ pathway was found to have enriched gene
numbers (P = 3.09 · 10
 8) using all genes in the human
genome as a reference. This result is consistent with the
GO Tree analysis. Three genes, CYP17A1, CYP21A2 and
HSD3B2, were mapped to and highlighted on the ‘C21-
Steroid Hormone Metabolism’ pathway using the KEGG
Map in WebGestalt.
The Chromosome Distribution Chart was used to show the
distribution of the set of 208 pancreas genes on the human
chromosome. Several clusters of pancreas-enriched genes can
be seen from the chart. For example, 18 out of the 208 genes
are found to be located within 2.54M on chromosome 19,
which is a >20 times of enrichment comparing with the back-
ground distribution (75 out of the 17 435 physically located
genes were found in this region). Clustering of tissue-enriched
genes on the chromosome was also found in other tissue types.
Although the Chromosome Distribution Chart may help us
to identify these important patterns, statistical analysis is
needed to evaluate the signiﬁcance. We are working on the
Figure2.EnrichedDAGunder‘biologicalprocess’forasetof23genesthataresignificantlyover-representedinadrenalcortex,usingallgenesinthehumangenome
as a reference.The enrichedGO categories are brought togetherand visualizedasa DAG.Categories in redare enriched ones whilethosein black are non-enriched
parents. Listed in the boxes are the name of the GO category, the number of genes in the category and the P-value indicating the significance of enrichment.
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DISCUSSION
WebGestalt is designed for genomic, gene expression, proteo-
mic and large-scale geneticstudies fromwhichhigh-throughput
datasets are generated. Complementing and extending the
functionality of similar data mining tools, WebGestalt provides
a unique online resource for the management, information
retrieval, organization, visualization and statistical analysis of
sets of genes. The major advantages of WebGestalt compared
with similar existing tools include: (i) the ability to retrieve
more information for all genes in a gene set; (ii) more ways
to organize a gene set; (iii) appropriate visualization for each
organization; (iv) assistance in choosing appropriate statistical
tests; (v) a simple and intuitive user interface; and (vi) Boolean
operations on selected gene sets.
Functional features, such as GO (6–13), KEGG pathway
(11–13) and PFAM domains (12,13), have been used to organ-
ize and help exploring gene sets. WebGestalt has added sev-
eral new features for gene set organization, including tissue
expression pattern, chromosome location and co-occurrence in
publications. Their potential uses will be discussed below.
The Tissue Expression Bar Chart is especially useful in
candidate gene identiﬁcation for genetic experiments. For
example, the critical interval identiﬁed from the QTL (Quant-
itativeTraitLoci)analysiswillbebetween0.5and10cM,with
the number of genes anywhere between 5 and 300 (20). It has
been shown that it is possible to identify plausible candidate
genes for human multiple congenital anomaly syndromes by
systematically using data on murine gene expression patterns
(21). The tissue expression pattern of the genes in an interval
can be easily analyzed and visualized using the Tissue Expres-
sionBarChartinWebGestalt.Thesub-setofgenesexpressedin
certain tissue types canbe saved asnew gene sets and analyzed
byothermodulesinWebGestalt,suchastheGOTreetofurther
prioritize the genes for mutation analyses. The current Tissue
ExpressionBarChartisbasedonthegeneexpressiondatafrom
the CGAP EST project (18). Microarray data on the tissue-
speciﬁc pattern of mRNA expression are recently available
for a panel of 79 human and 61 mouse tissues (22). Massively
Parallel Signature Sequencing data on different mouse
tissue types are also available from the Mouse Transcriptome
Project (http://www.ncbi.nlm.nih.gov/genome/guide/mouse/
MouseTranscriptome.html). We are considering adding these
and other large datasets to WebGestalt.
The Chromosome Distribution Chart can help to
identify clustered genes from a gene set. Tight clustering of
co-expressed genes on the chromosomes is common in proka-
ryotes (23). In eukaryotes, it is typically assumed that genes
are randomly distributed. Nonetheless, recent studies in yeast
(24), worm (25), ﬂy (19,26), mouse (27) and human (28,29)
suggest that gene location might not be random. For example,
among the 1661 testes-speciﬁc genes identiﬁed in Drosophila,
one-third are clustered on chromosomes (19). Testis-speciﬁc
clustering of genes on chromosomes has also been found in
mouse (27). Although tissue-speciﬁc clustering of genes on
chromosomes has not been found in human, Lercher et al. (29)
have shown that housekeeping genes are strongly clustered
in human. Since the Chromosome Distribution Chart
organizes genes in a gene set based on their chromosome
location, clustered genes can easily be visualized. Statistical
methods are being developed and will be added in the statistics
module for the identiﬁcation of local gene enrichment on the
chromosome.
Bioinformatics tools based on literature proﬁling have been
developed by a few groups to assist biologists in the inter-
pretation of sets of interesting genes (30–32). Jenssen et al.
(30) have constructed a gene network from the co-occurrence
of gene symbols or short gene names in the title or the abstract
of a common article record. They also demonstrated that lit-
erature co-occurrence associated biologically related genes,
which suggests the value of organizing genes based on the
co-occurrence in publications. In WebGestalt, instead of con-
structing a gene-publication index de novo, we used the indi-
ces available from the LocusLink database and organized the
genes in a gene set using the PubMed Table and the GRIF
Table. The PubMed table provides better coverage but with
less speciﬁcity, while the GRIF table provides less coverage
but better functional speciﬁcity.
Another feature of WebGestalt is the Boolean operations on
existing gene sets. It will help to answer simple questions such
as: ‘show me all genes identiﬁed through experiment A or
experiment B’ (union), ‘show me the genes that are consist-
ently up-regulated in both of two microarray experiments’
(intersection) or ‘show me the genes that are expressed in
brain but not skin’ (difference). Recursively applying the
Boolean operation makes it possible to combine information
fromany numberofgenesets.Putting the organization module
and the management module together, WebGestalt is able to
answer complex questions such as ‘give me all genes in my
gene set that are expressed in the brain or cerebellum, located
on chromosome 5 and involved in signal transduction’.
WebGestalt incorporates information from different public
resources, provides tools for the management, information
retrieval, organization, visualization and statistical analysis
of gene sets. The simple and intuitive, web-based interface
provides experimental biologists easy access to the tool kit.
Moreover, the modules in WebGestalt can be easily used by
third-party applications. For example, WebGestalt has been
implemented in WebQTL (http://www.webqtl.org), which is a
unique service that allows biologists to rapidly identify and
map genes and QTL (33).The WebGestalt modules are used to
analyze sets of genes that are highly correlated with various
phenotypes in WebQTL. We are working on an API to allow
easy access of the WebGestalt modules from any third-party
applications.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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